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Abstract 

Quasi-low-dimensional (quasi-low-D) inorganic materials are not only ideally suited for angle 
resolved pliotoemission spectroscopy (ARPES) but also they offer a rich ground for studying 
key concepts for the emerging paradigm of non-Fermi liquid (non-FL) physics. In this article, 
we discuss the ARPES technique appHed to three quasi-low-D inorganic metals: a paradigm 
Fermi liquid (FL) material TiTe2, a well-known quasi-lD charge density wave (CDW) material 
K0.3M0O3 and a quasi-lD non-CDW material Lio.gMogOiT- With TiTe2, we establish that a 
many body theoretical interpretation of the ARPES Hne shape is possible. We also address the 
fundamental question of how to accurately determine the value from ARPES. Both K0.3M0O3 
and Lio.gMoeOiT show quasi-lD electronic structures with non-FL Hne shapes. A CDW gap 
opening is observed for K0.3M0O3, whereas no gap is observed for Lio.gMoeOiy. We show, however, 
that the standard CDW theory, even with strong fluctuations, is not sufficient to describe the 
non-FL Hne shapes of K0.3M0O3. We argue that a Luttinger liquid (LL) model is relevant for both 
bronzes, but also point out difficulties encountered in comparing data with theory. We interpret 
this situation to mean that a more complete and realistic theory is necessary to understand these 
data. 
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1 Introduction information about important ground state properties 

as discussed in other articles in this volume. For 

Angle resolved photoemission spectroscopy (ARPES) technical reasons, ARPES is especially weH suited to 

is one of the most direct probes of the electronic struc- quasi-2-dimensional (quasi-2D) and quasi-lD layered 

ture of soHds. By directly measuring single-particle materials in which the electron dispersion perpendic- 

excitation spectra as a function of momentum and ular to the cleavage surface is smaH. In this case, 

energy, it can determine the most basic quantities of it becomes simpler to interpret ARPES because one 

condensed matter physics, e.g. the band structure, is primarily concerned with momenta parallel to the 

Fermi surface (FS) and electronic gap opening. Fur- surface which are conserved quantities in the photoe- 

thermore, the (AR)PES Hne shape can give crucial mission process and because the photohole line shape 
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is free from the finite photoelectron lifetime induced 
momentum averaging effect which can severely 

limit the momentum resolution along the surface nor- 
mal direction and give an added broadening of the 
line shape. 

Quasi-low-D materials are interesting because in- 
teracting ID systems are fundamentally different 
from interacting 3D systems. In 3D, the Landau 
Fermi liquid (FL) theory H, Q is a well-accepted 
paradigm. In this theory, a system of strongly in- 
teracting electrons (and holes) is viewed as that 
of weakly interacting quasi-particles with enhanced 
masses. In ID, a FL is completely unstable. First, 
forward scatterings between electrons give rise to a 
Luttinger Hquid (LL) in which a quasi-particle 
no longer exists and spin and charge collective exci- 
tations completely describe the low energy physics. 
We will discuss the LL further in Section ||. Second, 
backward scattering of an electron from one FS to 
the other leads to spontaneous charge density wave 
(CDW) formation |^, which opens up a gap at Ep, 
making the material become an insulator M. The 
standard CDW model is the Frolich model ||]. The 
mean field solution of this model is formally equiva- 
lent to the BCS solution for superconductivity. How- 
ever, in a quasi-lD system, fluctuation effects are 
expected to be very important and, e.g. lead to a 
pseudo-gap in the normal state. We will discuss the 
CDW theory further in Section |^. 

Lately, interest in low-D physics seems to be ex- 
panding rapidly, partly due to high interest in low-D 
artificial structures and nano-scale materials. How- 
ever, at this stage, it may be said that a proper un- 
derstanding of real low-D materials is lacking. For 
example, high temperature superconductors show be- 
haviors in photoemission, e.g. pseudo-gaps |^ 10 1, 
signs of critical fiuctuations ||l^ and strange normal 
state line shapes ||l^, which are clearly not under- 
stood within the standard BCS theory and which still 
await a coherent explanation. Similarly, CDW mate- 
rials, such as the blue bronze ^ and TTF-TCNQ 
I^Jl show anomalies that are not reconcilable within 
the standard mean-field Frolich model. In studying 
quasi-lD materials, it seems a necessity to learn the 
importance of the two phenomena inherent to ID - 
the CDW and the LL. Note also that a real system 
is never strictly ID but always has residual 3D cou- 
plings between chains. Therefore, a proper under- 



standing of 3D coupHngs is also important. In fact, 
one may say that 3D coupHngs are essential to un- 
derstand quasi-lD materials, because (1) a finite T 
CDW transition is possible only because of them, and 
(2) interacting electrons strictly in ID form a Wigner 
lattice ijl^ instead of the LL, due to unscreened long 
range Coulomb interaction. 

In this article, we show how ARPES data let us 
confront these difficult but fascinating issues. Espe- 
cially using a state of the art high resolution spec- 
trometer such confrontations become more revealing 
than previously. We discuss three systems, a FL 
reference TiTe2, a quasi- ID non-CD W, the "Li pur- 
ple bronze" Lio.gMogOir, and a quasi-lD CDW, the 
"blue bronze" K0.3M0O3. These three materials rep- 
resent three quite different categories but, like the 
high temperature superconductor (HTSC) Bi2212, all 
are inorganic layered 3D crystals for which large sam- 
ples are available. Such materials are high on the 
priority list for ARPES studies. Cleaving yields high 
quality surfaces of large area which are more sta- 
ble for ARPES than those of many organic low-D 
conductors. Thus it is easier to obtain reproducible 
bulk-representative ARPES data. Also conventional 
thermal and transport data are readily available to be 
correlated with the ARPES data. Meeting all these 
prerequisites simultaneously is often difficult for other 
kinds of low-D materials. 

This paper is organized as follows. Section || de- 
scribes the theoretical background for ARPES and 
Section ^ summarizes experimental conditions. Sec- 
tion ^ describes the FL interpretation of ARPES data 
for the Ti id band of TiTe2. The special property 
of the Ti 3d band that its Fermi velocity (vf) is 
small leads to a quite unusual situation in which the 
ARPES dispersion moves across the chemical poten- 
tial, /z. We report such data and compare the hp 
value determined from it with values estimated by 
other methods used by ARPES practitioners. Section 
^ describes the photoemission data of Lio.gMoOiv 
and Section || describes the photoemission data of 
K0.3M0O3. We report the absence in Lio.gMoOir and 
the presence in K0.3M0O3 of a gap opening associated 
with their phase transitions. We discuss non-FL line 
shapes found for these materials in view of currently 
available LL and CDW theories. 
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2 Theoretical Framework 

Within the sudden approximation ||l^, the ARPES 
line shape is described, up to a matrix element factor, 
as 

/(k, u;,T)^Yl f(^'^ T) ^ ^(k', Lo', T) (1) 

Lj' k' 

where / is the Fermi-Dirac distribution function, A 
is the single particle spectral function and T is tem- 
perature. Sums over k' and oj' account for the mo- 
mentum and energy resolutions of the instrument, re- 
spectively, with resolution functions implied in the 
summation notation for simplicity. The energy reso- 
lution function can be obtained from the Fermi edge 
of a reference sample (polycrystalline Ag, Au or Pt) 
and, in our case, is found to be a gaussian function 
to a good approximation. The momentum resolution 
function can be modeled based on geometrical con- 
siderations. For our cases, where the band dispersion 
is dominant along one direction, it can be modeled as 
a gaussian sum over momentum along that direction. 

In order to understand the ARPES line shape, it 
is quite useful to mentally process Eq. (0) from right 
to left. The final step - convolution in lo' - is not 
important for a qualitative understanding, because 
its effect is "just" energy broadening. The most im- 
portant part in Eq. (|^) is the spectral function A, 
which is by definition IuyG/tt, where G is the sin- 
gle particle Green's function. Often, G is written as 
l/(a; — e(k) — E(k, lo)) where e(k) is the one-electron 
band energy for momentum k and S(k, is the so- 
called self energy, which contains all the information 
about the single-particle interaction physics of the 
system. 

There are other general effects that we do not con- 
sider in this article. First, an additional sum over mo- 
mentum along the surface normal direction, k^, must 
be included to account for the finite photo-electron 
lifetime 0. This effect is minimized for quasi-low-D 
materials, as already noted in the previous section, 
because then A is not dependent on kj^ to a first ap- 
proximation. An estimate of an upper-bound for the 
line broadening due to this effect can be made for each 
of our materials, as is done for TiTe2 jl^, and con- 
firms that this effect can be safely neglected. Another 
effect is the inelastic background In general, this 
is quite difficult to quantify for ARPES, and remains 
an important issue especially for the HTSC's jl^. In 



the next section, we will see that the TiTe2 data show 
an extremely low background. We take this to imply 
the likelihood that the inelastic background is very 
small within ~ 1 eV from the chemical potential /i 
for ARPES data taken with photon energy ~ 20 eV 
on good cleaved surfaces of other samples as well. 

3 Experimental Setup 

ARPES data reported in this article were obtained at 
the Wisconsin Synchrotron Radiation Center (SRC). 
ARPES data were taken at the Ames/Montana 
beamline with a 50 mm radius VSW analyzer hav- 
ing a ±1° angle acceptance cone. ARPES data with 
angle resolution ±0.18° along the main band disper- 
sion axis were obtained at the 4m NIM line or the 
PGM line with a Scienta SES 200 analyzer. Angle 
integrated PES data were obtained with a VG ES- 
CALAB Mk II spectrometer (±12° angle acceptance 
cone) in the home lab or with the Scienta SES 200 
analyzer in the angle integrated mode (angle resolu- 
tion ±6° along the main band dispersion axis). The 
angle resolution of the Scienta analyzer perpendic- 
ular to the main band dispersion, ±0.1° to ±0.25°, 
is irrelevant for the discussion here. Hereafter, we 
will implicitly use the relevant angle resolution as a 
unique identifier for the spectrometer with which the 
data were taken. All samples were oriented with Laue 
photographs and were cleaved in situ with a top-post 
method. 

4 TiTe2 - FL Line Shape 

TiTe2 is a layered compound which is a semi-metal 
due to the small energetic overlap of a set of nomi- 
nally Te 5p bands and one orbitally non-degenerate 
Ti 3d band jl^. Its transport properties give no indi- 
cation of any behavior lying outside of the FL frame- 
work and it is known to be metallic down to the 
lowest measured temperature 1.1 K ||2^. This physi- 
cal property makes TiTe2 an attractive candidate for 
ARPES study as a reference FL system, to which 
ARPES data for exotic materials can be compared. 

TiTe2 is a gift of nature for an ARPES line shape 
study. The overall band structure of this material is 
now well understood |[l7) both theoretically and ex- 
perimentally. There is good agreement between the 
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Figure 1: ARPES data of the Ti 3d band of TiTe2 
taken at hiy = 21.2 eV. Energy and angle resolutions 
are 35 meV and ±1°, respectively. Thick lines are for 
k = kp. 

band calculation and experiment regarding the num- 
ber of bands and the character and the shape of the 
FS pieces, which have also been measured by the in- 
tensity map method ||22j. What makes this material 
so special for ARPES is the fact that the Ti 3d band 
is well isolated from other bands. In addition, the 
spectra are exceptionally clean, almost entirely free 
of an inelastic background signal. 

Fig. shows our ARPES data taken at 25K and 
300K. Previously, we have reported FL line shape 
fits of a 25 K data set |||, |||. The new 25 K data in 
Fig. m are practically identical with our previously re- 
ported data ||2^, [2^. Note that the constant intensity 
at high binding energy, at least part of which is due 
to inelastic background, is negligibly low compared 
to the peak height in the data. 

In previous reports | |2^ , |2^ , we have shown that the 
line shapes at low T are described well by Eq. |l| with a 
FL theory. The FL theory that we used in Ref. @ is 
a simple phenomenological causal theory that has the 
correct FL behavior at low energies and satisfies the 
spectral sum rule on the global scale. As explained in 
Ref. in detail, this theory involves two poles in the 
Green's function, a quasi-particle pole and a "back- 
ground" pole. The overall line shape evolution as a 
function of |e(k)| shows crossover from a heavy quasi- 
particle band dispersion to an un-renormalized band 



dispersion. In the crossover region, the two poles in- 
terfere to produce an interesting two peak fine shape, 
which we identified with the exceptionally broad line 
shape at large angles (e.g. 25°). This crossover be- 
havior is quite analogous to the similar behaviors 
found in the strong electron-phonon coupHng systems 
H, Hi or in the HTSC's ||2|. The main finding 
of the previous fit efforts was that the quadratically 
falling tail at the high binding energy side of the peak 
distinguishes the FL model from other models. Here, 
we will focus on the temperature dependence of the 
line shape. 

Eq. |l] shows that T dependent fine shape changes 
can occur due to both A and /. For TiTe2, which un- 
dergoes no phase transition or crossover, the change 
in A is expected to be simply a gradual increase in 
the fine width as T increases. Without knowing the 
exact T dependence of A, we will first ignore it as an 
approximation, and then investigate to what extent 
this approximation departs from observation. The T 
dependence of the Fermi-Dirac function / is simple: 
the step at fi becomes wider and fiatter. The T-linear 
increase of the step width means that a larger portion 
of A above fi becomes visible in photoemission. 

Within this approximation, the most outstanding 
feature of the ARPES data at 300 K, i.e. that the 
dispersing peak is observed across fi, can be under- 
stood by simple considerations. Near n, the intrin- 
sic quasi-particle spectral function is approximately a 
delta function. However, the finite angular resolution 
requires that the spectral function must be summed 
over a momentum window Ak to give an effective 
energy width hv'pAk where hvp is the peak velocity 
near ^. Taking the FWHM of the w-derivative of /, 
the width of the step in / is approximately AksT. 
An interesting case occurs if this width is larger than 
the width of the peak, hv'pAk. In this case, a peak 
slightly, say fcsT, above /i, has most of its intensity 
above ^, so that even after the multiplication by / 
in Eq. |l|, the fine shape shows a peak above fi. For 
the current case, hv'p is ~ 0.5 eVA and Ak is 0.07 
A~^, which gives an estimate of hv'pAk = 35 meV. 
At 300 K, iksT = lOOmeV, significantly larger than 
35 meV, and indeed, we see the peak crossing ^. 

This argument is well supported by our line shape 
model calculation, shown in Fig. ^, using the Green's 
function used in Ref. |Q. In this calculation, the kp 
angle is defined to be 16°. Other parameter values 
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Figure 2: FL line shape simulations for the data of 
Fig. |. The model parameters |||| are Z/Q = 0.4, 
QhvF = 0.6 eVA, and 1/(3' = 40 meV. Thick lines 
are for k = k^- 

are in the vicinity of the values used in Ref. ||2^], and 
are chosen to describe the line shape near the 16° 
spectrum shown in Fig. |l|. For illustration purpose, 
the electron band dispersion is taken to be linear. The 
salient experimental features are reproduced well, i.e. 
the peaks and their back-bending below at 25K 
and their appearance across ^ at 300K. Note that 
at 25K, ^ lies very close to the top of the peak for 
k « ki?. This happens because the line shape near 
the FS crossing is a sharp peak very close to fi, which 
is then pushed slightly to the left side of by the 
function /. This can occur whether the line shape 
is FL or non-FL, as long as there is a sharp peak 
near /i. We note that ARPES peaks above /i have 
been previously demonstrated beautifully for Ni |29| . 
However, the three dimensional nature of Ni makes a 
line shape analysis much more difficult. 

To be sure, there are differences between the data 
and the line shape calculations. First, the line shape 
calculated at 300K is too sharp - after crossing it 
shows a distinct two-peak structure which is not ob- 
served in the data. We attribute this to additional 
broadenings expected at high temperature but not 
included in the modeling - i.e. failure of our approxi- 
mation of a T independent A. As the result, the theo- 
retical simulation shows peaks dispersing above /i far- 
ther up in energy, while in the experiment the peak 
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Figure 3: Line shape attributes of experimental (Fig. 
|l|) and theoretical (Fig. ||) line shapes. 

reaches a maximum energy at 14° and then bends 
back. Second, there are small differences in various 
estimates of ki? that one can make based on the line 
shapes. This is of great significance because k_F is 
one of the most basic quantities in condensed matter 
physics. Therefore we discuss this matter in the rest 
of this section. 

We summarize in Fig. || the peak position, peak 
width, and area under the spectrum as a function 
of k. The various kp estimates are summarized in 
Table |l|. In the theory, the various estimates are in 
quite good agreement with each other, if we ignore 
the 300 K peak width criterion which is expected to 
be rather unreliable due to the neglect of the T de- 
pendent broadening in A, but in the data, they differ 
significantly. Notably, the minimum line width and 
the minimum binding energy criteria applied to the 
25 K data give significantly lower values for kp- 

The results in Table 1 are rather alarming. The 
two groups of criteria, one being the minimum bind- 
ing energy and minimum line width at 25 K and the 
other being the rest, are all good criteria in theory. 
However, appfied to the data, the two groups of crite- 
ria give quite different results. The question is then 
which criterion is the most robust. We argue that 
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Criterion 


theory 


experiment 


Peak position (300 K) 


16° 


16° 


Peak width (300 K) 


14.5° 


15.0-16.0° 


Peak position (25 K) 


16.5° 


14.5° 


Peak width (25 K) 


16° 


14.5° 


Fixed point of n(k) 


16° 


15.5° 



Table 1: Various estimates of the ki? angle for Hne 
shapes of Fig. ^ and Fig. ||. The true kp angle in the 
theory is 16°, by definition. 



this is the peak-crossing criterion at 300K, because 
it relies on the single fact that effectively the total 
spectral function A is observed in the k, oj region of 
interest, due to the slow variation of / in Eq. |^. In 
contrast, the k^ value extracted from data using the 
first group of criteria, 14.5°, is clearly not good be- 
cause at this angle the ARPES peak exists above fi 
at 300K, a fact very hard to understand if this were 
indeed the crossing point. 

In the least squares fit procedure applied to the 25 
K data in Ref. ||2^, the kp value was determined, 
not surprisingly, to be 14.5°. Our conclusion is then 
that this is not a robust feature of the fit. We have 
demonstrated that the fit can give the correct kp 
value if other effects are included in the theory, such 
as electron hole asymmetry, k-mass, impurity scat- 
tering, and the uncertainty in the chemical potential. 
Recently, Kipp et al. presented a temperature dif- 
ferential method to determine the \s.f value for their 
TiTe2 data, and determined the ki? angle to be 16.6°. 
Their criterion is in principle equivalent to our n(k) 
fixed point criterion, which, as Table |l| shows, gives 
a result similar to that from our best criterion. How- 
ever, we note that the absolute value of their kp angle 
differs from ours by ~ 1°, which we interpret to mean 
that the data are different. In addition, we have some 
cautionary remarks about the n(k) criterion. First, 
the argument of Ref. depends critically on the as- 
sumption of the electron-hole symmetry (within the 
energy range of /i ± 2kBT). Such symmetry may be 
more the exception than the rule. Second, any T 
dependence in A will move the fixed point of n(k) 
away from kp. In contrast, the observation of the 
peak crossing gives a more robust criterion for kj?. 
First, electron hole asymmetry gives an asymmetric 
line shape but no change in peak position. Second, 
T dependence in A broadens the line shape and gives 



a narrower range of momentum over which the dis- 
persing peak across ^ is observed, as we infer from 
the comparison shown in Fig. |^. However, as long as 
the dispersing peak is observed across /i for a finite 
range of k, the determination of kp is not affected. 

It is an interesting question how our results can 
be generalized to other materials. The condition 
AksT 3> hv'pAk can be satisfied for either large T, 
small v'p or small Ak. Note that the current state of 
the art Scienta analyzer provides a Ak which is about 
a factor of 10 smaller than that used here, so that 
the condition AksT hv'p Ak can be easily satisfied 
for most materials at moderately high temperatures. 
Therefore, it should be examined whether a behav- 
ior similar to that reported here can be observed in 
other materials. If it turns out that such behavior is 
not observed despite the condition 4fcBT ^ hvpAk, 
then that is a sign that the intrinsic line shape is too 
broad or that the assumption of a dispersing peak 
representing a metallic band is wrong. 

5 Lio.gMoeOij - non-CDW non- 
FL Line Shape 

5.1 Background 

Lio.gMogOiy is a quasi-lD metal with two phase tran- 
sitions, at 24 K and 1.9 K. The transition at 24 K 
(Tx) is not understood well, and that at 1.9 K is a 
superconducting transition. The lowest temperature 
of our PES measurement is 12 K, so hereafter we 
will concern ourselves with the phase transition at 
only. This transition shows up as a hump in the spe- 
cific heat and a resistivity uprise [Q. However, 
no gap opening is observed in the magnetic suscep- 
tibility llij and the optical refiectivity |Q. Further- 
more, no structural distortion is observed in X ray 
diffraction |Q. Therefore, we conclude that the tran- 
sition is not a CDW transition, because these mea- 
surements routinely detect CDW gaps and Peierls lat- 
tice distortions in other materials such as the blue 
bronze. Nevertheless, one may be tempted to explain 
the resistivity uprise below as a gap opening. Then 
a gap (2A) of 0.3 meV |Q would be estimated. Even 
if this gap picture is vaHd |^, such a gap is clearly 
not an ordinary CDW gap. Also, it should be noted 
that there exists an explanation based on local- 
ization physics. 
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Figure 4: (a) Band dispersions and (b) FS of 
Lio.gMogOiT. These results are taken from the band 
theory of Ref. p8|| , except for the bands along the 
XM direction, which are sketches of the extension of 
the theory, based on our ARPES data. 



The band structure of the Li purple bronze was cal- 
culated along the FX and FY directions by Whangbo 
et al. and is reproduced in Fig. ^. For com- 

pleteness the figure also shows dispersions along XM 
deduced from ARPES data presented further below. 
According to the calculation, there are four orbitally 
non-degenerate Mo Ad bands near /x. The four bands 
are labeled as A,B,C and D in the order of decreas- 
ing binding energy at the F point. Only C and D 
cross /X and they become degenerate before the cross- 
ing. The calculated FS is perfectly ID, and is given 
by kvY = 0.45Fy. Note that each of the A,C and 
D bands show large and similar dispersions along the 
FY direction and along the XM direction, while show- 
ing only minor dispersions along the FX direction. 
On the other hand, the band B shows similar dis- 
persions along the directions FX and FY, and shows 
opposite dispersions along the directions FX and XM, 
parallel to the ID chain. 

So far, three groups have reported ARPES data on 
the Li purple bronze. Initial data taken by Smith et 
al. [|9| and our group show almost dispersion- 
less peaks with ^ crossings impHed only by a spec- 
tral weight change. Subsequent data taken by Grioni 
et al. with improved energy resolution, 15 meV, 
showed a hint of states crossing /z, but these authors 
could not identify any crossing because their angle 
sampling was coarse and because the dispersing peak 
intensity was very weak. Our recent study made 
use of a geometry in which the bands C and D are 
strongest along a special k path, P2 of Fig. ^, and 



discussed the observed non-FL Hue shape. We will 
summarize this result in the next section. Shortly af- 
ter, Xue et al. reported their new result obtained 
with a Scienta SES 200 analyzer, the observation of 
a Fermi edge in k-summed ARPES spectra above T^, 
implying FL line shapes, and also a gap opening be- 
low Tx- The gap below Tx was cited as being con- 
sistent with the resistivity measurement, discussed 
above. Their finding of a FL line shape, in confiict 
with not only our data but also all the preceding 
data, was then attributed to the high angular resolu- 
tion of the new spectrometer. In our recent Comment 
p3| (also, see the Reply we pointed out that (i) 
the basic band structure implied by their data is in 
confiict with the band structure that emerges coher- 
ently from band theory, our data and that of Grioni 
et al. (ii) our newly acquired similarly high res- 
olution data show the band structure same as the 
latter and continue to show non-FL line shapes, (iii) 
their differing conclusion of a Fermi edge does not 
fiow from higher angle resolution, but rather from 
the fundamental difference in the data, and (iv) their 
reported gap (80 meV) immensely exceeds the value 
0.3 meV implied in a gap model of the resistivity. In 
this section, we give a more complete summary of our 
data than was possible in previous publications, and 
also recapitulate some essential findings of our pub- 
lished works. More details to support the points of 



our Comment can be found in Sections 5.2, 5.4 and 



5.5| , for points (iv), (i and ii) and (ii and iii) respec- 
tively. 



5.2 Absence of PES Gap Opening 

Perhaps the single most important feature of the Li 
purple bronze is that it is, up to now, unique as a 
non-CDW quasi-lD metal studied by ARPES. In this 
regard T dependent PES is of great interest. Fig. ^ 
shows our result, which does not show any sign of a 
gap opening, within the energy resolution. The only 
observable change in the fine shape is the sharpen- 
ing of the leading edge scaling with temperature |^ . 
Our finding here is consistent with other measure- 
ments discussed above, and does not necessarily pre- 
clude the possibility that there is a small non-CDW 
gap. We expect that such a gap, if it exists, would 
have a value similar to or less than the value 0.3 meV 
implied in a gap model of the resistivity. 
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Figure 5: T dependent angle integrated PES data 
for Lio.gMogOiy, measured at hv = 33 eV, AE = 30 
meV, A6I = ±6°. 

5.3 ARPES Line Shape - Comparison 
with LL 

The Li purple bronze is a good candidate for being 
a LL at T ^ Tj:, because its electronic structure is 
highly ID pl[ and is free of CDW formation. Gap- 
ping associated with the phase transition at T^, if 
it occurs at all, is on such a low energy scale that 
a simple pseudo-gap effect cannot underlie the NFL 
properties observed above T^^. 

LL Theory 

A LL is defined as a system whose low energy fixed 
point is given by the Tomonaga-Luttinger (TL) model 
p6| , |47j . In this model, electrons obey a linear band 
dispersion relation and the electron-electron interac- 
tion is truncated so that electrons undergo only for- 
ward scattering. An amazing feature of this model is 
that it is exactly solvable. The solution is character- 
ized by two key features which distinguish a LL from 
a 3D FL system: (1) an anomalous dimension a and 
(2) spin-charge separation. The first directly implies 
the absence of Landau quasi-particles and the second 
means that the spin and charge quantum numbers of 
an electron are carried by distinct elementary exci- 
tations, i.e. waves of the spin density and the charge 
density. 

PES line shapes for the TL model at T = are 
known in detail |^, The angle integrated spec- 
trum vanishes as a power-law at Ep. ARPES 
spectra for k inside the FS have two peaks (or one 
peak and an edge if a > 0.5) at positions correspond- 



ing to charge and spin wave energies at k, and an 
edge for k outside the FS. We use the TL model Q 
obtained by truncating the general electron-electron 
interaction of a continuum band to forward scat- 
tering only. In this TL model with repulsive spin- 
independent interactions, the spin velocity Vg is equal 
to uf, the charge velocity Vr_ exceeds wf by a factor 
(5 that is determined entirely by a, and the edge sin- 
gularity for k outside the FS disperses with velocity 
Vc- We note that = wf is a property of a spin- 
rotationally invariant interaction in this TL model, 
but not in the most general form of the TL model [pof . 
For example, in the ID Hubbard model which is spin- 
rotationally invariant and can be mapped onto the 
TL model in the low energy scale ||5^, Vs is strongly 
renormalized. Similarly, the relation between a and /3 
of Ref. [Q is particular to the TL model used there. 
However, because the electronic states giving rise to 
the quasi-lD properties of the Li purple bronze are 
based on an extended Mo 4(i wave-function, we be- 
lieve that the TL model of Ref. is the most ap- 
propriate starting point. 

Solutions of the TL model can be extended to in- 
clude weak interchain couplings ||5^ and finite tem- 
perature H). These calculations show that the 
low energy LL behavior is modified within the en- 
ergy scales of the interchain hopping parameter 
and temperature T, but the theory remains essen- 
tially the same as that of the T = purely ID model 
for energies larger than these. Therefore, it is clear 
that in order to compare theory with experiment, one 
needs to be aware of these energy scales and addition- 
ally a purely experimental energy scale - the energy 
resolution AE. With this in mind, we will use the 
T = solution of the TL model and include the T 
dependence of the ARPES line shape only through 
the multiplication of the / function in Eq. |l|. Note 
that the band theory and our /z intensity map 
indicate ij_ « for the Li purple bronze, i.e. the FS 
is nearly fiat as predicted by band theory (Fig. ^) . 

Comparison 

We show our ARPES data |^l|| taken along the special 
path P2 in Fig. ^. So far, this data set remains as the 
one which shows the dispersing line shapes of both 
the /z-crossing C,D excitations most strongly. This 
path was chosen to intersect a spot in our /i intensity 
map that is exceptionally bright for the photon 
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Figure 6: ARPES data of Lio.gMoeOir along the path 
P2 at hv = 24 eV, with AE = 50 meV and A9 = ±1". 



energy used and for the particular ARPES geometry 
of the Ames/Montana end-station. 

Fig. m shows our comparison of the ARPES data 
of Fig. g with line shapes for a spin-independent re- 
pulsive TL model |Q. In the absence of any LL 
line shape theory including interactions between two 
bands, we apply line shapes calculated for the one- 
band TL model to the two degenerate bands crossing 
/i. The value used for the anomalous dimension a was 
0.9. The electron-electron potential screening length 
Tc was taken to be 0.1 A so that the calculated spec- 
tral functions are well within the validity limit of the 
universal LL behavior [|^. We chose the vp value so 
that for this value of a the renormalized charge veloc- 
ity /3vf {P — 5 for a — 0.9) coincides with the Hnear 
dispersion that is observed over a range to « 0.2 eV 
below fj, for peaks C and D while they are degenerate 
and to « 0.5 eV for peak C alone. Thin lines in Fig. 
II (b) show A(k, uj) without any experimental broad- 
ening, and demonstrate the charge peak and the spin 
edge for k inside the FS and the charge edge for k 
outside the FS. The theoretical simulation gives the 
/J, weight close to that of the data, that being the 
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Figure 7: (a) A replot of the ARPES data of 
Lio.gMoeOiT in Fig. ^ and (b) LL theory simulation 
with a = 0.9. 
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Figure 8: ARPES data of Lio.gMogOiv taken along 
TY (T = 200 K) and FX (T = 50 K), at hv = 24 eV, 
AE = 100 meV, AO = ±1°. Thick line corresponds 
to k = spectrum. 



reason for choosing an a value a little larger than 
the value 0.6 deduced from the power law exponent 
for the angle integrated spectrum |Q. Similarities of 
the theory and the data also include the velocity Vs 
= vf of the leading spin edge movement before cross- 
ing (see insets), significant because the agreement is 
not forced by our procedure for choosing parameter 
values, and the loss of a spectral peaky upturn after 
the crossing. The general goodness of the agreement 
for spectra 5 through 7 leads us to take the value 
kvY — 51% of ry as our best estimate for k^. Differ- 
ences between the data and the theory include there 
being more intensity in the gap region before crossing 
and there being a much slower backward movement 
of the charge edge after crossing, which we attributed 
to the effects of 3D kinematics and to the presence of 
other bands not included in the model, respectively. 

5.4 ARPES and Band Theory 

It is equally as important to know the global band 
structure as it is to know what happens near the /i 
crossing. Fig. || shows ARPES data along FX and 
FY. The sample surface is literally the same as the 
surface used in Fig. ^. Here, the most easily observed 
features are the A,B bands. Along FY, band C is ob- 
served to cross ^ and a hint of D is seen near the F 
point. The data along FX show the A,B bands most 
clearly. Note also that there is an unexplained ten- 
dency, seen also |tt3| in other compositionally similar 
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Figure 9: (a), (b) ARPES data of Lio.gMoeOiv taken 
along FY at hv = 24 eV, T = 250 K, AE = 35 meV, 
AO = ±0.18° and (c) at hv = 30 eV, T = 200 K, 
AE = 36 meV, A9 = ±0.18°. For the meaning of 
arrows in (a), see text. Thick lines in (b) and (c) are 
k = kj;- spectra. 



bronzes KMoeOij and NaMogOir, for non-dispersive 
weight to cling to the bottom of the band. 

The data taken along FY with the Scienta analyzer 
are shown in Fig. ||. The gray scale map, shown in 
(a), spans more than 1.5 unit cells in k space. This 
map was obtained by merging 12 overlapping angu- 
lar mode Scienta data, and therefore the intensity 
profiles in the overlapping angle (i.e. momentum) re- 
gions do not always connect perfectly smoothly (e.g., 
see regions pointed by arrows) due to the discontinu- 
ous change of the ARPES geometry from one angular 
scan to the next. Nevertheless, it is clear that the 
map shows the C band dispersing to /z, and that the 
dispersions of the A,B bands are consistent with the 
bulk crystal periodicity. EDO's are shown in (b) and 
(c). Here, due to the better angle and energy resolu- 
tions, the bands are resolved better than in Fig. ^. In 
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Figure 10: Scienta data of Lio.gMogOiy taken along 
the special direction P2 (Fig. ^ at hiy = 24 eV, T = 
30 K, AE = 26 meV and A0 = ±0.18°. Thick line 
corresponds to k = spectrum. 



particular, the C band is clearly observed to cross /i 
in (b) and (c). In (b), the splitting of the A,B bands 
is clearly observed. The small difference between the 
kp value for these data and that for the preceding 
ARPES data is attributed to a small variation of the 
Li ion numbers on the surface for different cleaved 
surfaces. Note also that the line shape at kp shows 
an increased fi weight relative to the peak height. We 
attribute this to the improved angle resolution, which 
we will discuss shortly. 

The experimental bands observed along FY and 
FX are in good agreement with the band theory of 
Fig. ^, except for the overall band width. We now 
show Scienta data taken along the special path P2 in 
Fig. 10 , Compared to the data of Fig. |^, the peaks are 
clearly better resolved. Especially, the bands B and D 
are completely resolved, much like in the band theory. 
As a result, the dispersion of peak B, which could 
not be observed in the data of Fig. ||, is now clearly 
observed, and the dispersion of peak D is now clearer. 
Note that the relative intensities of the peaks in this 
data set are not identical with those of Fig. ^. The 
difference is due to the difference in the geometry of 
the two experiments, i.e. a different photon incidence 
angle relative to the surface normal. In particular. 
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Figure 11: Progressive angle integration of (a) TiTe2 
data (Fig. (a)), (b) Lio.gMoeOiy data (Fig. | (c)), 
and (c) Lio.gMogOiT data (Fig. ^ (b)). The nega- 
tive (positive) number in the angle sum range means 
the angle for which the band energy e(k) is negative 
(positive). In (a), a Fermi edge (FE) is drawn at the 
top. (b) and (c) have the same formats. The stated 
angle sum range does not include the inherent angle 
resolution of an individual spectrum, ±1° for (a) and 
±0.18° for (b) and (c). 



the peaks C,D are not as strong as in Fig. g. Even 
so, the line shape at the crossing point is clearly 
observed and shows much more weight than that of 
the line shape of Fig. |^. We discuss this aspect of the 
data next. 



5.5 Discussion 

In the last section, we showed that the (kj?, /i) weight 
increases as the angle resolution is improved. This is 
an expected general behavior if the k = kj? spectrum 
is strongly peaky at /x. For example, the TL line 
shape for hp has a power law behavior jcjl""^, di- 
verging at /i for a < 1. Therefore, as is easily shown 
by direct numerical simulation, when the angle reso- 
lution is improved gradually, the /i weight steadily in- 
creases. Thus the mere observation of more /i weight 
with better angle resolution is not by itself evidence 
for a FL line shape. In fact, with regard to the weight 
at fi, the only sure way of distinguishing the FL and 
non-FL Hne shapes is to examine the angle integrated 
spectrum. 

Theoretically the k-sum (angle integration) of the 
FL line shape and that of the TL line shape give quite 
different results. The former gives a Fermi edge and 
the latter gives a power law. It is very important to 
test whether this difference can be seen experimen- 
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tally. Here we examine the data from our FL refer- 
ence TiTe2 and from the Li purple bronze to see if 
this theoretical scenario comes true. Fig. 11 shows 
the result. As more and more angles are summed, 
the TiTe2 line shape converges to a Fermi edge shape. 
The steep decrease on the high binding energy side of 
the spectrum is due to the narrow band width of the 
Ti 3d band. In great contrast, the line shape for the 
Li bronze loses the edge shape rapidly as more and 
more angles are summed, converging to the power law 
behavior we have observed usingan angle integrating 
spectrometer in our home lab ||30|]. Our observation 
here directly contradicts the claim of Xue et al. |Q of 
a Fermi edge in a partially angle integrated spectrum. 

The Li purple bronze remains as a unique case of 
a CDW-free quasi-lD metal accessible by photoemis- 
sion. The global band structure is well understood in 
both theory and experiment. Furthermore, the two 
main characteristics of the LL, the anomalous dimen- 
sion a and the spin-charge separation, are identified 
in the data, the former in the absence of Fermi edge 
and the power-law onset of the angle integrated spec- 
tral function and the latter by interpreting, appropri- 
ately for a > 0.5, the ^-crossing peak as the charge 
peak and the extrapolated finite energy onset of the 
peak as the spin edge. Among these features the spin 
edge is perhaps the least convincing feature due to the 
smoothness of the edge in the data. A likely source 
of this smoothness is 3D kinematics, as we mentioned 
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at the end of Section |5.3| . Also, the spin velocity itself 
needs to be understood better. Within the TL theory 
used here, it is supposed to be the same as the band 
velocity, but the value used in our line shape analysis 
is about a factor of 2 too small compared with the 
value of the band theory (Fig. ^). This may be due 
to the inaccuracy of the tight binding calculation or 
the simplistic nature of the LL theory we used. For 
example, it is reasonable to think that the backward 
scattering terms, completely neglected here, will in 
reality have a residual effect of changing the relation 
between a and the spin and/or charge velocity, analo- 
gous ly t o the Hubbard model case mentioned in Sec- 
tion 5^. Therefore, a more detailed understanding 
calls for a first principles band theory and a better 
understanding of the electron-electron interactions. 



6.1 CDW Theory 

Because the CDW is an essential ingredient for de- 
scribing the physics of the blue bronze, we start this 
section with a discussion of CDW theory. The so- 
called FS nesting condition, that one part of the FS 
matches another part of the FS via a translation by 
a single wavevector, implies an instability towards 
the formation of a CDW with periodicity given by 
the nesting vector and the consequent formation of a 
CDW gap at /i 1^. Via electron-phonon coupling, the 
lattice is distorted with the same wave vector. The 
nesting condition is fulfilled perfectly in ID, and can 
be met approximately but with increasing difficulty 
in 2D and 3D. In the standard mean-field descrip- 
tion of the Frolich Hamiltonian |^^, which is formally 
equivalent to the BCS theory of superconductivity, 
a phase transition occurs at a finite temperature Tc 
where the lattice modulation at the nesting vector 
becomes static. Below Tc, the CDW gap opens up 
with the same T dependence as the BCS gap. Above 
Tc, the electronic state is that of a simple FL metal. 

The mean-field picture of the CDW requires sig- 
nificant modification to account for fiuctuations, es- 
pecially in low dimensions. In fact, for a perfectly 
ID system, a finite T phase transition does not oc- 
cur, due to the well known fact |^, that in ID 
the entropy increase associated with the break-up of 
long range order into many short range orders wins 
over the energy minimization associated with the long 
range order. Therefore, it is obvious that a CDW fiuc- 
tuation theory must be also a 3D theory in order to 
have the power to predict a reaHstic finite T phase 
transition. 

Much work has been done on CDW fiuctuations. 
A study by McKenzie and Wilkins |Q predicts a 
significant filling-in of the gap region at low T due 
to CDW fiuctuations and also quantum lattice fiuc- 
tuations. Most theories are concerned however with 
T > Tc. Some theories ||59| , |60| treat fiuctuations ex- 
actly but deal with a single ID chain, and others, e.g. 
that of Rice and Strassler (RS) jHl], treat fiuctuations 
perturbatively but include interchain couplings. We 
find the latter type of theory to be more useful be- 
cause there are enough ingredients to permit a realis- 
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Figure 12: Self energy for the RS theory. Theoretical 
parameters are those for our simulation of blue bronze 
data at 250 K. 



tic comparison to experiments. We also find that the 
line shapes predicted using the former type of theory, 
specifically that of Sadovskii ||5^, are actually quite 
similar to those predicted by the RS theory for the 
same correlation length. 

The result of the RS theory is summarized in its 
self energy, I]i?5(k, w). 



log 1 



uj/^j - e(k ± (\cDw)/ip - il 



(2) 



where i/') / and 7 are all T dependent quantities. 
■0 is the "pseudo-gap" parameter, i.e. the root-mean- 
square fluctuation of the order parameter, and 7 — 
fivF/{£,4') where ^ is the correlation length of the 
CDW fluctuation. The parameter / is basically an 
effective 3D coupling strength parameter, and distin- 
guishes this theory from that of Lee, Rice and Ander- 
son (LRA) ||62j, which is a perturbative ID theory. 
RS theory predicts, in the Hmit of strong fluctuation 
(i.e. / < 0(1)), 



Tc/Tmf = 0.26/(T,) 



1/3 



(3) 



which implies Tc Tmf- 

The self energy of Eq. || is shown in Fig. |l2|. In 
contrast to the situation in the simple mean-field so- 
lution, the normal state is not a FL in this theory. 
ImE has a finite value and a negative curvature at /i, 
and ReS has a positive slope at fi, directly contra- 
dicting the well-known FL self energy behavior |63[ . 
These properties were pointed out by McKenzie |64| 
for Sodovskii's results. 



6.2 Background 

K0.3M0O3, is one of the most intensely studied CDW 
materials, and yet some basic properties are still dif- 
ficult to understand. Its CDW wavevector, studied 
by X ray diffraction ||6^ and neutron scattering [^ , 
is unusual in that it shows a T dependence. The 
magnetic susceptibility and the resistivity measure- 
ments are intriguing because in the normal state, the 
magnetic susceptibility increases steadily up to the 
highest measured temperature of 720K [g^ while the 
resistivity shows perfectly metallic behavior. Later in 
this section we will discuss these issues further. 

The crystal structure of the blue bronze is centered 
monoclinic |^, |69), and the repeating motif is the 
M010O32 chain which defines the b axis - the "easy" 
axis. The quasi-lD nature of the electron conduction 
is shown by the resistivity ||7^ and the optical prop- 
erties [Q. The basic band structure was calculated 
first by Whangbo and Schneemeyer [Q. The cal- 
culation shows that two orbitally non-degenerate Mo 
4(i bands are partially occupied by electrons donated 
by the K+ ions, making the material conducting. In 
the notation of these authors, which we follow here, 
the BZ boundary along the quasi-lD b axis is called 
the X point, and we wish to remind readers that the 
equivalent point for the Li purple bronze was called 
the Y point in Section ||. 

Veuillen et al. Q first reported ARPES results on 
the blue bronze. Their result shows a single broad 
peak dispersing to a ^ crossing at a k value in good 
agreement with the CDW wavevector. A subsequent 
high resolution angle integrated PES study by Dardel 
et al. showed a spectrum with anomalously low 

weight and no distinct Fermi edge. They also re- 
ported T dependent data ||7^ which showed evidence 
of a CDW gap opening. Breuer et al. | f76| | did a de- 
tailed study of the surface damage caused by photon 
and electron/ion bombardment. The major symptom 
of surface damage is the emergence of a peak at 2 
eV binding energy and the shift of the spectral weight 
at /i to higher binding energy. By taking precautions 
to minimize photon bombardment above the absorp- 
tion threshold energy (> 36 eV), we have obtained 
ARPES spectra jl^, ^3 '^ith strikingly low inelas- 
tic background and two dispersing peaks crossing /z. 
We have also demonstrated that the two dispers- 
ing peaks cross ^ at different k values by taking a /j, 
intensity map. The two dispersing peaks were sub- 
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Figure 13: Angle integrated photoemission data of 
K0.3M0O3 in the normal metallic state. Filled circles: 
angle sum of data in Ref. ||7^ (also shown in Fig. [l^), 
hi^ = 20 eV, AE = 100 meV, AO = ±10°, T = 220 K. 
Empty circles: this work, hv = 13 eV, AE = 27 meV, 
A9 ^ ±6°, T = 250 K. Empty triangles and line: 
Ref. ||l|, hv = 21.2 eV, AE = 33 meV, AO = ±12°, 
T = 300 K. Filled triangles: Ref. ItI, hv = 21.2 eV, 



AE = 20 meV, AO = ±3°, T = 313 K. 

sequently reproduced by Grioni et al. |^^, and more 
recently by Fedorov et al. ||7^. The latter authors 
also reported a T dependence of the nesting vector 
measured in ARPES along FX to be in good agree- 
ment with that of the CDW wave vector measured in 
neutron scattering (See, however, our discussion in 
Section 6.5). 

The non-FL line shape of the blue bronze, namely 
the absence of a PES Fermi edge, remains unex- 
plained. In this section, we show that this feature 
is not reconcilable with the standard CDW picture 
even when the pseudo-gap mechanism is included. 

6.3 Data 

In this section we introduce some new ARPES data, 
as well as summarize some key results from the liter- 
ature. In particular new T dependent high resolution 
data are, to our knowledge, the first to show how the 
ARPES line shapes of the EDO's change across Tq 
(180 K). 

Fig. ^ shows various high resolution angle in- 
tegrated photoemission spectra and contrasts them 
with a reference spectrum taken on Ag. These angle 
integrated spectra are taken in the metallic state well 
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Figure 14: (a) T dependent angle integrated photoe- 
mission data of K0.3M0O3. hv = 13 eV, AE = 27 
meV, AO = ±6°. (b) The "gap" parameter A* de- 
duced from data. The thick curve is the BCS gap 
function. 



above the phase transition. Nevertheless, the Fermi 
edge that is characteristic of a 3D metal is completely 
absent. It is interesting to note that a related mate- 
rial, NaMoeOiT, whose electronic structure is that of 
three weakly interacting ID chains oriented at 120 
degrees to one another in planes, does show a Fermi 
edge, as we reported in Ref. ||l3| . 

One may wonder whether the absence of the Fermi 
edge is merely the result of a bad surface, not repre- 
sentative of the bulk. However, this is not so. Our 
/J, intensity map showed a FS consisting of two pairs 
of lines which imply a nesting vector in agreement 
with the CDW wavevector |Q. Also the bulk phase 
transition is clearly detectable in T dependent mea- 
surement of angle integrated spectra [Q. Fig. |lj 
shows our own T dependent PES data, taken with a 
Scienta SES 200 analyzer using its angle integrated 
mode. The sequence of T in the measurement was 
250 K, 180 K, 70 K, 150 K, 160 K, 170 K and 180 
K. This T sequence was dehberately chosen to reveal 
any effects of irreversible sample damage during the 
T variation. The two 180 K spectra in Fig. p^a), 
taken initially and at the end of the cycle, are almost 
identical with each other, indicating that the data are 
largely free from such an undesirable irreversibility. 

The spectral change observed in Fig. |lj is in good 
agreement with the results reported in Ref. (t^. Be- 
low the transition point (180 K), the spectral edge 
moves to a higher binding energy, signaHng gap open- 
ing. These spectra should be contrasted with those 
of Fig. H for the Li purple bronze, where a gap does 
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Figure 15: ARPES data of K0.3M0O3 taken at hi^ = 
20 eV, AE = 100 meV, AO = ±1° and T = 220 K. 
Thin lines are guides to the eye for dispersions. 



not open. To exactly quantify the gap opening is a 
difficult task due to the odd line shape, and we de- 
fine a first approximation A* (see Fig. |lj (a)) as the 
shift of the spectral edge at the intensity value corre- 
sponding to fi at 250 K. Our method is different from 
the one used by Dardel et al. ||7^, i.e. taking the in- 
flection point to quantify the gap opening, but gives 
similar results, shown in Fig. |4 (b). The difference 
at 180 K of the final point 7 from the initial point 2 
is probably due to a slight degradation of the surface. 
Similar to the findings by Dardel et al. the tem- 
perature variation of the gap opening is roughly BCS 
like. The A*(r = 0) value deduced from our proce- 
dure, 56 meV, is a lower bound, for reasons that we 
will discuss later. 

Fig. |l^ shows our early modest resolution high tem- 
perature ARPES data, most of which were already 
reported in Ref. Q. This ARPES data set attests 
to a very clean surface because the background in- 
tensity level is very low and there is no sign of the 
defect peak at 2 eV binding energy. For this reason, 
we have included the angle sum of this data set in the 
collection of angle integrated data of Fig. |l^. 

As we have shown before |Q, the two peaks of Fig. 
[iq cross at distinct k^- values. The ^ intensity map 
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Figure 16: T dependent ARPES data of K0.3M0O3 
taken at hiy = 13 eV, AE = 27 meV, and AO = 
±0.18°. Thin lines in (a) are guides to the eye for 
dispersions. Thick lines in (c) and (d) are k = k^^- 
spectra. 



taken at hv — 17 eV ||l3| shows that band B crosses at 
«62 % of 7r/6. The exact crossing point of band A is 
not easily determined because the map shows max- 
imum intensity centered at the X point. Similarly 
the EDC's of Fig. |l| and Ref. ||l|| show an almost 
symmetric band having a maximum at the point X. 
Therefore, in these moderate resolution data, we take 
the spectrum at the X point (e.g. the 101 % spectrum 
in Fig. |5|) to be representative of the k = ki? spec- 
trum. 

Fig. |l6| shows our new high resolution data taken 
with 13 eV photons near the X point at 250 K and 
70 K. Each data set was taken immediately after tak- 
ing the angle integrated 250 K and the 70 K spectra 
of Fig. respectively, i.e., they were taken on an 
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Figure 17: T dependence of spectra at FS crossings 
for the K0.3M0O3 data of Fig. |l^. 



undamaged surface showing the CDW gap opening. 
This new data set is an improvement over the pre- 
vious lower resolution data set, in that the crossing 
near the X point is now resolved due to better angle 
resolution. The /i intensity pattern shows a minimum 
at the X point, instead of a maximum, and it enables 
identification of FS crossing points for band A (90 
%) and for band B (59 %). For later discussion in 
Sections and 0, we directly compare the T de- 
pendence of the spectra at these crossing points in 
Fig. ^ From these crossings, we get an estimate of 
the CDW wavevector of 75 % of 6* , which seems to 
be in good agreement with the observed value which 
varies from 72 % to 75 % as T varies from 180 K to 
K. We note that from our ^ intensity map ||l^ one 
cannot rule out a somewhat 2D FS for band A. In 
this case we would have an imperfect nesting condi- 
tion such as we have observed for SmTes ||7^ where 
the nesting vector along one particular direction (e.g. 
the rX direction) generally differs from that of the 
CDW wavevector, which is a compromise value de- 
termined by global energy minimization across the 
entire 2D FS. 

A surprising finding from comparing the data of 
Fig. |l^ and Fig.|l^is that the widths of the A,B peaks 
and also the (kj-, /i) weight relative to the peak height 
do not change significantly as the angle resolution 
is improved. This is a direct spectroscopic contrast 
between the Li purple bronze and the blue bronze. 

6.4 Line Shapes 

In this section, we compare CDW and LL line shape 
theories with our data. The theories used here are 
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Figure 18: (a) Temperature dependent density 
of states and (b) angle integrated photoemission 
data calculated within the mean-field CDW theory. 
Strictly speaking, theory is T dependent below 70 K, 
but is neghgibly so. Experimental energy resolution 
for the data of Fig. O is included in (b). 



single band theories, while there are actually two ^ 
crossing bands in the blue bronze. The ^ crossing 
line shapes of band B are obscured by the presence 
of band A, while those of band A are isolated near 
the X point. Therefore, our ARPES comparison is 
focused on band A. 

CDW 

An obvious starting point for comparing the data to 
theory is the mean field CDW theory. The predic- 
tion of the mean field theory for the ARPES line 
shape is simple: the band dispersion relation e(k) 
is replaced by -^e(k)2 + Q and the gap A(T) 
has the BCS T dependence. The magnitude of A(0) 
for the blue bronze shows a significant variation in 
the literature: ~ 40 meV (resistivity fsi]! ), ^ 50 meV 
(magnetic susceptibility |^^) and ~ 90 meV (optics 
||82| ). Hereafter, we will use the result from the opti- 
cal measurement, consistent with taking our estimate 
of 56 meV to be a lower bound for A(0), as explained 
below. The angle integrated spectral functions cal- 
culated in the mean field theory are shown in Fig. 

The mean field CDW theory cannot adequately de- 
scribe our photoemission data. First of all, the nor- 
mal state angle integrated PES data do not show a 
Fermi edge (Fig. |l^, in contrast to the calculation of 
Fig. H^. Second, the experimental line shape changes 
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in the angle integrated PES data due to the CDW gap 
opening (Fig. |lj) are difficult to understand. These 
changes include the low T intensity pile-up occurring 
at a much larger energy 0.3 eV compared to the 
gap energy, as was noted already by Dardel et al. 
JtB] , and the existence of the significant sub- gap tail 
at 70 K. Third, the peak shift by —A expected to 
occur for the k = k_F ARPES data is not observable 
in Fig. Instead, only an intensity redistribution 
within the ARPES peak seems to occur. This can be 
contrasted to the case of the high temperature CDW 
material SmTcs j|7a| , for which the dispersion relation 
— ■\/e(k)2 -I- IggI is clearly observed. 

It is an obvious next step to test whether the inclu- 
sion of CDW fiuctuations improves the comparison of 
the data with the CDW theory. Evidences for CDW 
fluctuations are ample. Below Tc, a strong sub-gap 
tail is observed in optics |^, in qualitative agree- 
ment with the theory by McKenzie and Wilkins ||5^ 
and also with our observation of a strong sub-gap tail 
existing at 70 K. This is why we take our estimate 
A* to be a lower bound. In this article, our main 
interest however is in the fluctuations in the normal 
state above Tc. Evidences for fluctuations above Tc 
are the diffuse scattering observed by X ray experi- 
ments lH, Hi, and the large value of 2A(0)/(fcsTc), 
5-12, compared to the mean field value 3.52. 

Next we estimate parameters for the RS theory. 
For the estimate of Tmf, we use the mean-field re- 
lation S.52kBTMF = 2A(0), and get Tmf = 590 
K for A(0) = 90 meV. Then, from Eq. |, we get 
f(Tc) = 1.5. Then, the weak, and unimportant, T de- 
pendence of / is included as outlined in Ref . |^l| . For 
our f{Tc) value, Eq. 9 of Ref. ^ gives ^{Tc) = 54 
meV. The pseudo-gap is expected to decrease as T 
increases, and a calculation |Q does show such be- 
havior. In our modeling, we simply ignore this T 
dependence. By so doing, we are somewhat overes- 
timating the pseudo-gap above Tc. Note that our 
estimate that V'(Tc) is roughly half of A(0) is in good 
agreement with estimates by others |^, |8J. For hvp, 
we measure the peak dispersion in the ARPES data 
and get '--^ 4.5 eVA for band A and ^ 3 eVA for band 
B. The nesting occurs between these two bands, and 
therefore vp to be used in the expression for 7 should 
be an "average" of these two values. Instead, we sim- 
ply use the value for band B and again slightly over- 
estimate the effect of the pseudo-gap. Lastly, for the 
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Figure 19: Simulation of CDW fiuctuation Hue shape 
(a) for the data of Fig. |l^ and (b) for those of Fig. |l^ 
(T = 250 K). Thick lines are k — hp spectra. Inset: 
Simulation of the data of Fig. at 250 K and 180 
K. 



correlation length ^{T), we use the result measured 



by X-ray diffraction |83 



Fig. |l9| shows our simulation. For the angle inte- 
grated spectrum shown in the inset, note that the 
simulation does show suppression of weight at fi. 
However, the ^ weight at 250 K is significantly larger 
(35 %) than that for the 250 K data of Fig. |l| (a) (25 
%). Furthermore, the T dependence observed above 
Tc is far too weak compared to the simulation. Per- 
haps most importantly, the simulation shows a Fermi- 
edge-like line shape at 250 K, albeit with reduced /.t 
weight, but this is not observed in the data. 

The ARPES simulations shown in (a) and (b) of 
Fig. ^ give a more detailed view. Line shapes at 
and above hp are most interesting. For both (a) and 
(b), the maximum ^ weight occurs for k somewhat 
greater than k^^-. For the moderate resolutions used 
in (a), the ^ weight at 101 % is significantly larger 
than half the peak height, but the data show slightly 
less than half. The comparison becomes more prob- 
lematic for high resolutions used in (b). In this case, 
the peak occurs at for 91 %, and disappears quickly 
after that. Experimentally, however, the fi weight is 
never greater than half the peak height and the line 
shape after crossing is nearly the same as that at the 
crossing. In addition, notice that the large line width 
reduction from (a) to (b) is not observed in the data. 
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LL 



In this section, we compare the blue bronze data with 
line shapes for a spin- independent TL model |Q, in 
the same fashion as was done in Section First, 
we examine whether the experimental data show the 
power law predicted by the LL theory. This can be 
done by examining the data of Fig. |l^ in a log-log 
plot, and identifying the region where the plot is lin- 
ear. As we noted before, this region is expected to 
start at a finite binding energy, determined by t±, 
T and AE. We estimate an upper bound of t± to 
be « 30 meV Q. The data of Fig. |l| show power 
law behavior, a = 0.5 — 0.8, starting from energy 
K. xiv&yi{2kBT,l\El2,ti_) to 150-200 meV. The vari- 
ation of the a value seems to correlate with T, but 
may also have correlations with other factors such as 
angular resolution and sample. We choose the value 
of a = 0.7 obtained from our data taken at 300 K - 
the farthest from the phase transition - and having 
the largest angle acceptance. 

Next we compare the ARPES data with the calcu- 
lated TL model Hne shapes of Fig. ||^. The parame- 
ters used for this TL model are a — 0.7, Tivf — 0.98 
eVA, and Tc — 0.1 A. The vp value was chosen in or- 
der to reproduce the dispersing peak with velocity 4.5 
eVA. The Tc value was chosen so that the calculated 
spectral functions are well within the validity limit of 
the universal LL behavior [|^. 

The theoretical angle integrated spectrum in Fig. 
^ improves comparison with the data relative to that 
for the RS theory, in that the TL theory predicts less 
^ weight and no Fermi edge. The amount of ^ weight 
has some uncertainty due to the fact that the theory 
here does not include T and tj,. In its current form, 
the theory predicts less /i weight in the angle inte- 
grated spectrum than occurs in the data. Perhaps 
inclusion of T and t± would make the agreement bet- 
ter in this regard. 

The comparison to the ARPES data is more in- 
volved. While the generally lower ^ weight than in 
the CDW RS theory is in better agreement with data, 
it is difficult to identify some key features of the k- 
resolved theory in the data. The spin edge singulari- 
ties, which provided an interpretation of the leading 
edges in the Li purple bronze line shapes, are hard 
to identify in the blue bronze data. The charge edge 
singularity after /i crossing is also hard to see. The 
high resolution simulation of (b) reveals discrepan- 
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Figure 20: Simulation of LL Hne shape, in a similar 
fashion as Fig. ^ 



cies: the theory shows a peak above fi after crossing 
and a greatly reduced line width before crossing, none 
of which is observed in the data. 

6.5 Discussion 

The comparisons of the preceding section show that 
neither of the two theories explains the ARPES line 
shapes satisfactorily. The essential findings are that 

(1) the absence of a Fermi edge (up to 313 K; see Fig. 
[I4 ) is very hard to reconcile with the CDW theory, 

(2) the higher resolution ARPES simulation for both 
theories predict too much weight at ^ and too strong 
a k dependence for k > kp, and (3) the edge Hne 
shapes in the LL theory are not identified in the data. 
The single EDC shown by Fedorov et al. enable 
us to infer point (2) also from their data. 

The severe disagreement of the high resolution data 
with theory needs careful thinking. Let us recall 
from Section ^ that if intrinsic Hne shapes are sharp 
enough, then it is possible to observe peaks moving 
above ^, as is indeed the case for our TL line shape 
simulation of Fig. ^ That this behavior is not ob- 
served in the data then implies that the intrinsic line 
shape is not sharp enough. We have already noted in 
fact that the data do not show significant line width 
reduction upon resolution improvement. This implies 
that the ARPES line width is not resolution limited 
and is very large - a few hundred meV's. The ori- 
gin of such a large line width is an open question. 
A mundane explanation invoking a non-ideal surface 
condition - a mixture of mosaics or a warped surface 
- seems unlikely, becau se w e observe two /i crossings 
at the X point (Section O) and a sharp Laue diffrac- 
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tion pattern. 

Underlying the reasoning in the preceding para- 
graph is the assumption that the intrinsic line shape 
is not gapped. However, this assumption is dubious 
for the blue bronze. As noted first by Voit [Q, the 
normal state transport data shows spin-charge sep- 
aration in that the spin susceptibility shows gapped 
behavior (A — 20 meV) while the resistivity shows 
metaUic behavior. Therefore, he suggested that the 
Luther-Emery (LE) model gives a good descrip- 
tion of the normal state of the blue bronze. In this 
model, certain backward scattering between electrons 
is included, in addition to the forward scattering al- 
ready included in the TL model, and a gap opens up 
in the spin channel. Because a single particle exci- 
tation involves simultaneous excitations of spin and 
charge, this spin gap appears in the single particle 
line shapes |^3[ Such a gap could be a reason 
why the fi weight does not increase further upon res- 
olution improvement. 

The contrasting behaviors of the spin susceptibility 
and the resistivity was recognized earlier by Pouget 
who proposed a simple explanation within the 
one electron band theory. An essential component 
of this explanation is a fiat band 56 meV above fi, 
which is thermally occupied as T increases. This flat 
band also was used in an explanation of the T depen- 
dent CDW wavevector. Indeed, the band calculation 
by Whangbo and Schneemeyer showed such a band 
near the F point. If this scenario is right, then this 
shallow band should be detectable in ARPES at high 
T, e.g. in the normal state. However, this band is 
neither reproduced by new local density approxima- 
tion (LDA) band calculations |^, |9^ nor observed by 
ARPES. Therefore, the more exotic explanation for 
the T dependent susceptibility by Voit, discussed in 
the previous paragraph, gains more credibility. The 
T dependent CDW wavevector would then require 
an alternate explanation as well. Recently, Fedorov 
et al. I?^ proposed a model in which T dependent 
electron hopping integrals are responsible for the T 
dependent CDW wavevector. However, the data pre- 
sented by these authors are insufficient to support 
the model because the data were taken along a single 
line in the 2D BZ. In the model of the paper the 
2D character of the FS is essential, implying imper- 
fect nesting. Then the CDW wave vector should not 
be the same as the nesting vector along a single line. 
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Figure 21: Comparison of ARPES and band calcula- 
tions for the blue bronze. Thin lines are tight-binding 
calculation |Q and thick lines are LDA calculation 



Very qualitatively, the 2D character of the FS found 
in our /i intensity map jl^ appears to be less than 
envisioned in the model or predicted by band theory. 
In our opinion additional experiments and a further 
consideration of various models of the T dependent 
CDW wavevector are merited. 

One of the characteristics of the repulsive TL model 
is that the charge velocity is renormalized to be big- 
ger than fi?, in contrast to the quasi-particle Fermi 
velocity smaller than vj? in the case of the FL. It 
is therefore an interesting question how the ARPES 
dispersions compare with the theory. Fig. ^ shows 
the comparison. We show two band calculation re- 
sults - the tight binding theory by Whangbo and 
Schneemeyer 
Kim et al. 



2[ and first-principles LDA theory by 
. As noted previously ||l^, the dis- 
persion of band A is a factor of 5 larger, compared 
to tight binding theory, and that of band B is a fac- 
tor of 2 larger. The new LDA theory, which should 
be more accurate, is quite different from the tight 
binding theory. The new LDA band calculation is 
confirmed by that of another group |Q. Therefore 
the uncertainties in the magnitudes of the one elec- 
tron band dispersions seem finally to be gone. The 
dispersion of band A is in good agreement with that 
of the LDA theory and that of band B is still about a 
factor of 2 larger. This finding remains as a piece of 
the whole blue bronze puzzle, and seems to require a 
better understanding of the dependence of spin and 
charge velocities on a as we discussed in Section B^. 
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7 Concluding Remarks 

In this article, we have discussed three examples of 
ARPES line shape studies of quasi-2D and quasi-lD 
samples showing FL and non-FL line shapes. The 
complex and intriguing line shapes of these prototyp- 
ical materials are not completely understood, and we 
strongly feel that they are worth studying more both 
experimentally and theoretically, because they con- 
nect to fundamental concepts of condensed matter 
physics. 

Before concluding we comment on the common as- 
pects of the LL parameters for the bronzes, the large 
a and energy scale. In the TL model description we 
used an a value of 0.7 (blue bronze) and 0.9 (Li purple 
bronze) . Such an a value may seem too large from the 
point of view of the well-known ID Hubbard model 
which has the maximum a value of 0.125. However, 
a better model to describe the Mo 4(i bands may be 
that of a free electron band with screened Coulomb 
interactions. In this case, a coupled chain theory j5lj, 
evaluated for parameters appropriate for the bronzes, 
shows that a « 1 or larger is expected. In addition, 
the Thomas-Fermi screening lengths for the bronzes 
are estimated to be RiO.7 A ||9J|. This means that the 
universal form of the TL Hne shape used in Fig.'s 
and 1^ are valid for |k-kF| < 1.1 k'^ and \uj\ < 0.7 
eV, appropriately vaHdating our model calculation. 

One recent theoretical approach to the HTSC's is 
to consider them as locally ID quantum liquids. In 
essence, the basic model is the same as the one con- 
sidered here for the bronzes - i.e. that of coupled ID 
chains - although the underlying physical Hamilto- 
nians - Hubbard-like or free-electron-Hke - are dif- 
ferent. In fact, the phenomena that we discussed in 
this article - a pseudo-gap, a non-FL normal state, 
a non-mean-field-like gap opening - are also found in 
HTSC's. We believe that our results on known quasi- 
lD systems can be used as a standard in testing the 
ID pictures for the HTSC's. In this context, it is in- 
teresting that the non-mean-field-Hke T dependence 
observed in the blue bronze data (Fig.|l7|) is reminis- 
cent of a recent theoretical result ||9§| obtained for a 
superconducting transition of coupled chains, in that 
both show a mere intensity redistribution of ARPES 
spectra without a mean-field-like peak shift as T is 
lowered across the transition. However, for a further 
elucidation of the blue bronze line shape, a similar 



theory designed for the CDW is necessary. In such 
a theory, LL and CDW should be viewed as tightly 
connected to, rather than independent of, each other. 
For example, recently it was indicated how the T de- 
pendence of the X-ray diffuse scattering that arises 
from the CDW fiuctuations in the quasi-lD organic 
TTF-TCNQ family can be used to extract an LL ex- 
ponent iQ. 
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